Purpose of review-The purpose of this review is to summarize evidence for the presence of two pathways of lipid absorption and their regulation.
INTRODUCTION
Dietary lipids are hydrolyzed in the intestinal lumen and products are taken up by enterocytes. Enterocytes re-synthesize lipids and package them into chylomicrons for secretion. These lipoproteins are hydrolyzed during circulation and products are taken by peripheral tissues. Remaining remnant particles are removed from circulation by the liver. Besides chylomicrons, recent studies indicate that high density lipoprotein assembly and secretion by the intestine also plays a role in intestinal lipid absorption. This review will summarize evidence for the existence and contribution of these pathways in the absorption of different lipids.
Intestinal Lipid Absorption
Triacylglycerols, phospholipids, and cholesterol esters are the predominant dietary lipids. An important step in the intestinal digestion of these lipids is their emulsification with bile salts [1] [2] [3] [4] . Emulsification makes lipids better substrates for hydrolysis by various lipases found in the lumen of the intestine (Figure) . Triglyceride hydrolysis releases free fatty acids (FFAs) and monoacylglycerols. Phospholipid hydrolysis yields FFAs and lysophospholipids. Cholesterol esters are hydrolyzed to free cholesterol and FFAs. Enterocytes use diffusion and protein-mediated transport mechanisms to take up monoacylglycerols and FFAs [3] [4] [5] . Diffusion across these epithelial cells occurs when FFA concentrations in the lumen exceed those inside the cell. When extracellular concentrations are lower, then protein-mediated uptake mechanisms might become more important in the uptake of monoacylglycerols and FAs. Several proteins including cluster of differentiation 36 (CD36) and various FA transport proteins have been shown to be involved in this process [3] [4] [5] [6] . After their entry into cells, FFAs are transported to various organelles for further processing by FA-binding proteins [7;8] . An important step for their secretion is their transport to the ER.
The Niemann-Pick C1-like 1 (NPC1L1) protein plays a major role in the uptake of cholesterol by enterocytes [9;10] . NPC1L1 is enriched in the plasma membrane microdomains called rafts. Under normal condition, the N-terminal domain of NPC1L1 that harbors cholesterol binding site is exposed and the C-terminal domain interacts with the inner leaflet of plasma membrane. Binding of cholesterol to NPC1L1 at the N-terminus, exposes the C-terminal domain allowing it to interact with Numb to facilitate recruitment of clathrin [11] . These microdomains are then internalized and transported to endocytic recycling compartment where cholesterol is released and transported to other organelles, including endoplasmic reticulum, by unknown mechanisms.
In the endoplasmic reticulum (ER), monoacylglycerols are esterified with FFAs by monoacylglycerol acyltransferases to form diacylglycerols, which are converted to triacylglycerols by diacylglycerol acyltransferases [3;4;12] . Diacylglycerol can also be combined with choline and ethanolamine to synthesize phospholipids by choline and ethanolamine transferases. Free cholesterol taken up by the enterocytes is esterified in the ER by membrane-bound acyl-CoA:cholesterol acyltransferases. Esterification of free cholesterol and FFA into cholesteryl esters and glycerolipids may prevent deleterious effects associated with their excess accretions. Further, synthesis of these lipids may favor the entry of hydrolyzed intralumenal products into the cell by reducing their intracellular concentrations.
The lipids synthesized in the ER membrane have two fates. They can either become part of cytosolic lipid droplets and stored, or transported to the ER for secretion. The cytosolic lipid droplets [13] [14] [15] [16] [17] [18] [19] are large spherical particles surrounded by a phospholipid monolayer. They mainly accumulate toward the apical side in the cytosol of enterocytes. Their surface contains several proteins; perilipin family members being the prominent. The core consists of neutral lipids (triglycerides, cholesterol esters). Their biogenesis starts in the ER and mechanisms involved in their formation are being elucidated [13] [14] [15] [16] [17] [18] [19] . In most cells, these droplets bud off toward the cytosol. However, they may partition toward ER lumen in cells that assemble lipoproteins such as hepatocytes and enterocytes.
The cytosolic lipid droplets are subsequently mobilized and secreted during fasting state in enterocytes. Mobilization involves hydrolysis of triglycerides, mobilization of FAs to the ER and re-synthesis of triglycerides at the ER and subsequent secretion with lipoproteins. Their accumulation may provide a mechanism for the storage of fat during meal consumption and to mobilize it a later time. The mobilization of fat from these stores might contribute to plasma triglyceride increases seen just before the digestion of food [20] . Thus, the transient storage of fat as cytosolic lipid droplets might help optimize lipid absorption during food consumption and provide sustained lipid supply during fasting.
Besides the cytosolic droplets, lipid droplets are also seen in the ER lumen of hepatocytes and enterocytes. These lumenal droplets accumulate in the absence of apoB but not in the absence of MTP [21;22] . Further inhibition of MTP lowers accretions of lipids in the ER lumen [23;24] . How MTP assists in lumenal lipid droplet formation is not known. However, it is known that MTP can associate with lipid vesicles and can transfer lipids [15;25;26] . It is possible that MTP can associate and stabilize lipid droplets. Alternatively, it may transfer lipids to an unknown acceptor present on the lumenal droplet. Further, the fate of these lumenal lipid droplets is unknown. It is generally assumed that they fuse with apoBcontaining lipoproteins, however very little experimental evidence is present for such a mechanism. It has been suggested that hydrolysis and re-esterification of lumenal lipid droplets might provide lipids for the second step core expansion during lipoprotein assembly [15] .
Lipids are packaged into large, spherical triacylglycerol-rich lipoproteins called chylomicrons. The chylomicron surface is covered with phospholipid monolayer and contains free cholesterol and is surrounded by a large protein, apolipoprotein B48 (apoB48). In addition to the nonexchangeable apoB48, several exchangeable apolipoproteins can be found on the surface of the chylomicron, including apoAI, apoAIV, and apoCs. Chylomicron core is rich in triacylglycerols and cholesteryl esters. The apoB48-containing lipoproteins are synthesized in the intestine in a constitutive manner, but the amount of lipid transported with these particles changes dramatically during the postprandial state as a result of increased amounts of lipids being packaged into larger lipoprotein particles [3;27] .
Chylomicron assembly begins with the translation of apoB48. In the absence of a sufficient supply of lipids or MTP, this nascent polypeptide is degraded intracellularly. MTP can interact physically with and transfer lipids to the nascent apoB [25] . This helps apoB fold into a structural configuration that is receptive to accepting more lipids [28] . The result is the formation of a smaller "primordial" particles of the size of a high-density lipoprotein (HDL) [27;29] . During the second step of "core expansion," a large bolus of lipids, preferably newly synthesized triacylglycerols, is added to produce a larger lipoprotein [30] . The mechanisms underlying the addition of the lipid bolus and the origin of these lipid droplets have not been elucidated.
Chylomicron particles are then transported to the cis-Glogi by pre-chylomicron transport vesicles (PCTVs) [8;8;31-33] . These vesicles are larger than protein transport vesicles and contain the unique vesicle-associated membrane protein 7 [34] . Liver FA-binding protein and protein kinase C isoform ζ are involved in the budding of these PCTVs from the surface of the ER [35;36] . Chylomicrons also contain coat protein complex II-interacting proteins that are important for the subsequent fusion of PCTVs with the cis-Golgi [37] . These particles undergo further modifications in the Golgi such as the addition of apoAI and glycosylation of apoB48. Chylomicrons are then released from the basolateral side and enter the general circulation at the thoracic duct. Increases in blood triacylglycerol levels in the postprandial state might be due to the increased rate of entry of these particles into the general circulation.
The HDL pathway
Using differentiated Caco-2 cells and isolated enterocytes, it was shown that triglycerides are secreted with apoB-containing chylomicrons [38;39] . However, similar studies showed that secreted cholesterol was in two different lipoproteins; chylomicrons and HDL that contained apolipoprotein B and apoAI, respectively [40] . Chylomicrons contained both free and esterified cholesterol whereas HDL mainly contained free cholesterol. These studies indicated that, as opposed to triglycerides that are exclusively secreted with chylomicrons, cholesterol can be secreted by two mechanisms.
Secretion of cholesterol with chylomicrons, but not with HDL, was inhibited by MTP inhibitors. In contrast, cholesterol secretion with chylomicrons was increased when cells were supplemented with oleic acid. This treatment had no effect on the secretion of cholesterol with HDL. But, secretion of cholesterol with HDL increased when cells were treated with LXR/RXR agonists. LXR agonists increase the expression of ABCA1 [41] . Inhibition of ABCA1 by glyburide reduced secretion of cholesterol with HDL [38] . Therefore, cholesterol absorption by the intestine is a highly regulated process involving apoB-and MTP-dependent chylomicron and apoB-independent HDL pathways. Chylomicrons transport free and esterified cholesterol. Their assembly is induced by oleic acid, and is inhibited by MTP inhibitors. ApoB-independent HDL pathway is mediated by ABCA1. There could be two mechanisms by which ABAC1 could participate in the transport of cholesterol from enterocytes. It could increase the intercellular transport of cholesterol to the plasma membrane [42] . Further, it could facilitate the efflux of this cholesterol to extracellular acceptors. Increased expression of ABCA1 by LXR agonist enhances ABCA1-mediated cholesterol efflux pathway.
These studies were then extended to mice to evaluate the roles of apoAI and ABCA1 in the absorption of cholesterol via the HDL pathway [40;43] . Wildtype mice absorbed cholesterol involving both chylomicrons and HDL. Cholesterol secretion was significantly decreased in apoAI and ABCA1 deficient enterocytes compared to controls. Cholesterol transport studies using isolated enterocytes revealed that individual deficiencies of apoAI and ABCA1 had no significant effect on the uptake of cholesterol. However, enterocytes deficient in apoAI or ABCA1 secreted significantly lower amounts of cholesterol. Further lipoprotein analysis showed that deficiencies in these proteins specifically reduce the amounts of cholesterol secreted with HDL with no effect on cholesterol secreted with chylomicrons. These studies suggest that intestinal HDL is involved in the secretion of cholesterol.
Since HDL is mainly involved in the transport of free cholesterol, studies have been performed to ask whether increasing intestinal free cholesterol levels enhance secretion via this pathway. ACAT2 deficient mice absorb less cholesterol. Mice deficient in both ABCA1 and ACAT2 absorb lower cholesterol compared to mice that are individually deficient in these mice [44] . Authors have concluded that, in the absence of ACAT2, ABCA1 is involved in cholesterol absorption.
The studies summarized above suggest that cholesterol absorption by the intestine involves chylomicron and HDL pathways. We recently determined the contribution of these two pathways and asked whether there exist other mechanisms for cholesterol absorption using mice deficient in both MTP and ABCA1 [45] . Individual deficiencies of MTP and ABCA1 reduced cholesterol secretion by 68% and 27%, respectively, whereas their combined deficiency decreased cholesterol secretion by ~80%. MTP deficiency reduced cholesterol by the chylomicron pathway with no effect on HDL pathway. ABCA1 deficiency reduced cholesterol secretion with the HDL pathway with no effect on chylomicron pathway. Combined deficiencies of MTP and ABCA1 reduced cholesterol secretion with both chylomicrons and HDL. Thus, these two pathways act in concert to optimize cholesterol absorption.
Insulin resistance and intestinal lipoprotein production
Insulin resistance is accompanied with dyslipidemia and increase risk for the pathogenesis of cardiovascular disease. Dyslipidemia in insulin resistance is characterized by elevated concentrations of triglyceride-rich lipoproteins and reduced plasma HDL cholesterol. Several studies have shown that chylomicron production is increased in insulin resistance, type 2 diabetes and obesity [46] . Veilleux et al. [47] obtained duodenal biopsies from obese subjects undergoing bariatric surgery and divided them into insulin sensitive and insulin resistant groups. The duodenal explants from insulin resistant patients synthesized more lipids, apoB48 and secreted more lipoproteins. Further, they had higher mRNA levels of FA binding proteins and MTP. These studies indicate that insulin resistance enhances chylomicron production. In contrast, insulin resistant subjects had lower levels of ABCA1. It is possible that insulin resistance may increase cholesterol transport with chylomicrons and reduce cholesterol secretion with HDL. These changes might contribute to dyslipidemia seen in insulin resistant subjects.
Couture et al. [48] studied the kinetics of triglyceride-rich lipoprotein production and catabolism, as well as expression of key intestinal genes in 14 obese, insulin resistant, non-diabetic men and compared them with 10 insulin sensitive, obese subjects. They observed that production rates of intestinal apoB48-containing triglyceride-rich lipoprotein were 87% higher in insulin resistant men compared with insulin sensitive men. Surprisingly, they found lower expression of SREBP-2, HNF4a and MTP. Authors suggest that increased lipoprotein production with reduced MTP might be related increased lipid availability. Nevertheless, majority of studies indicate that increased intestinal lipoprotein production is associated with increased MTP expression in insulin resistance state [for review, [46] ].
Vitamin A absorption
Dietary vitamin A includes retinyl esters and provitamin carotenoids. In the intestinal lumen, retinyl esters are hydrolyzed to retinol and fatty acids whereas carotenoids are converted to retinol. Retinol is taken up by enterocytes most likely involving transport proteins as this process is saturable in cell culture studies. It appears that STRA6 can mediate retinol uptake in intestinal cells. SR-B1 has been shown to be involved in the uptake of carotenoids such as lutein, β-carotene, zeaxanthin and lycopene. Intracellular transfer proteins such as CRBPII transfer retinol within cells. The uptake of retinol by enterocytes is enhanced by subsequent intracellular esterification of retinol by LRAT to retinyl esters. Retinyl esters are incorporated into chylomicrons by unknown mechanism and are exclusively secreted with these lipoproteins. Free retinol can be effluxed via the HDL pathway [49] [50] [51] .
Vitamin E absorption
In differentiated Caco-2 cells, vitamin E (α-tocopherol) is secreted with both apoBcontaining chylomicrons and apoAI-containing HDL [52] . Secretion of α-tocopherol with chylomicrons was increased when cells were supplemented with oleic acid and was inhibited by MTP inhibitors and inhibitors of secretory pathways e.g., Brefeldin A and monensin. The secretion of vitamin E with HDL was higher when cells were not supplemented with oleic acid and was inhibited by glyburide, an inhibitor of ABCA1. Further, secretion of vitamin E was increased when HDL was provided as an acceptor. Further studies by Nicod and Parker [53] showed secretion of vitamin E by differentiated Caco-2 cells with HDL was increased when cells were treated with LXR agonist, T0901317. They also showed that secretion via the HDL pathway may have selectivity towards different vitamers. These studies showed that differentiated Caco-2 cells use independently regulated chylomicron and HDL pathways to secrete vitamin E.
Studies in primary enterocytes isolated from rats also showed that vitamin E was secreted with chylomicrons and HDL [54] . Secretion with chylomicrons was increased with increasing concentrations of oleic acid indicating that lipid availability and apoB-lipoprotein formation is essential. This is supported by the observation that secretion with chylomicrons is inhibited by MTP inhibitors. Secretion of vitamin E by enterocytes was unaffected by lipid supplementation, MTP inhibition, and MTP gene deletion; however, it was increased when HDL was provided as an extracellular acceptor.
Conclusion
The data reviewed above suggest that chylomicron is the only pathways for triglyceride absorption. However, there are two pathways for the absorption of cholesterol; chylomicrons and HDL. Similarly, fat-soluble vitamins are also absorbed by these two different pathways. Ablation of chylomicron pathway reduces lipid absorption but is associated with massive triglyceride accumulation in enterocytes. It remains to be determined whether the HDL pathway can be inhibited to lower plasma cholesterol levels.
Figure.
Intestinal lipid absorption: Dietary lipids are emulsified with bile salts and are hydrolyzed by different pancreatic lipases resulting in the generation of free fatty acids (FFA), monoacylglycerols (MAG) and free cholesterol (FC). These products are taken up by enterocytes involving various transporters and transported to the endoplasmic reticulum where they are used for the synthesis of phospholipids, triacylglycerols and cholesterol esters. These lipids are assembled into chylomicron particles using apoB48 as a scaffolding protein with the help of MTP. Alternatively, they are stored in cytosol as lipid droplets. FC can be either excreted back to the lumen via ABCAG5/ABCG8 transporters are effluxed to blood circulation by ABCA1 and apoAI.
